The per capita ecological footprint (EF) is a useful tool to compare consumption with nature's ability to support this consumption. Guyuan is an economically impoverished region in China, where EF provides important insights into whether human consumption can be sustained by the local per capita biological capacity (BC), which represents the environment's ability to support resource use. We estimated the EF of food consumption using local equivalence and yield factors, and compared EF in 1998 and 2013 with BC, which represented the existing biologically productive area (including cultivated land, grassland, forest, and water bodies) that supports this consumption. Data were collected from household surveys, government statistics, and land use maps. We found that food consumption changed, with decreasing consumption of staple foods and increasing consumption of meat, eggs, milk, edible oils, fruit, and vegetables. Decreased staple food consumption decreased the EF for this food group, but the large increase in meat consumption greatly increased EF from meat production (to more than 41 times the 1998 value). Cultivated land contributed greatly to both EF and BC, and staple foods and vegetables were the main EF components for this land. Overall, EF from food consumption decreased from 1998 to 2013, but local BC remained 188,356 ha below EF (i.e., current consumption is not sustainable based on local resources). The Grain for Green program, which focuses on increasing the BC of forest and grassland by replacing degraded cultivated land with these land use types, decreased the BC of cultivated land, leading to wide spatial variation in both EF and BC. These results will inform policy development by revealing the condition of each region's use of the locally available production resources.
Introduction
Human well-being depends on the goods and services provided by Earth's ecosystems [1] [2] [3] [4] . Although there are many complex components of human well-being, increasing demand for food consumption to meet basic needs is the most important consideration in many poor communities. In recent years, rapid urbanization and economic development have increasingly changed food consumption patterns in developing regions such as rural China. In China, these changes have been accelerated by a national land use conversion program called "Grain for Green", which is a form of payment for ecological services. The program's goal is to convert degraded grassland and cultivated land into improved grassland and forest, with the long-term goal of preventing ecosystem degradation, including soil erosion. As a result of this focus, the program is biased in favor of grassland and forest at the expense of cultivated land. As a result, implementation of this program has been decreasing the area of land for primary productions to meet local food demand [5] , potentially decreasing food security and creating potentially serious risks of ecosystem degradation [6] .
For example, in poverty-stricken Guyuan, a large administrative region in the Ningxia Hui Autonomous Region of northwestern China, the food consumption pattern has been shifting from a basic level that only provides sufficient energy intake to a higher level that provides a healthier level of nutrition. In the future, such changes will be the most important variables to determine the total land requirement for food production [7] . The result of changing consumption patterns will be increasing pressure on land to produce sufficient food, particularly since the changed diets to include higher proportions of animal products [5, 8] . However, limited land resources and a harsh natural environment affect the ecosystem's provision of the required services. For example, the per capita area of cultivated land in Guyuan has decreased by 11.2% from 1998 to 2013 under the implementation of Grain for Green program. This large decrease has resulted from the nature of the terrain. Guyuan is a hilly region with slopes ranging up to 67 • . About 58.6% of the cultivated land is on slopes <5 • , 32.3% is on slopes of 5 • to 15 • , and 9.1% is on slopes >15 • , making cultivation difficult.
In addition, the limited mean annual rainfall (260 to 625 mm), high annual potential evaporation (1250 to 2000 mm), and insufficient irrigation facilities make the local agriculture rain-fed in most places [6] . Agricultural production, including irrigational cultivation and animal husbandry, consumed about 8.35×10 9 m 3 of water, equivalent to 16.8% of Guyuan's total water resources [9] . Soil erosion is a severe problem in Guyuan, with about 76% of the land suffering from soil erosion. These problems affect, to a large degree, the production and provision of food items. They may even be causing irreversible damage to local ecosystems [5] . In order to enhance the production of goods and services to meet local consumption, some technologies and external inputs have been used, which include the construction of terraces to reduce losses of soil, water, and soil nutrients. As of 2014, the terrace area occupied about half of the total cultivated land [10] .
The ecological footprint (EF) represents the area required for resource production and waste assimilation [11] [12] [13] . When the calculation is not based on site-specific or local data, as is often the case in large-scale or global studies, it may instead be based on the overall average productivity around the world, in which case the area unit is defined as a "global hectare" (gha). EF is a consumption-based indicator, and it includes all the natural capital that is directly or indirectly used or consumed by the local population. In this accounting approach, an important element is represented by the calculation of biological capacity (BC), which is sometimes referred to as biocapacity [14] . BC is used to measure the existing biologically productive area capable of regenerating in the form of fiber, food, and timber, and also providing carbon dioxide sequestration. BC is measured in relation to five categories of use: grazing land, cultivated land, forest, fishing areas, and built-up land [15, 16] . To do so, it is necessary to calculate a region's total area of ecologically productive land. The combination of EF (equivalent to demand) and BC (equivalent to supply) allows researchers to estimate whether or not humans overuse the biosphere's resources by subtracting the EF from BC for a given period of time to identify a deficit or surplus.
EF analysis is now widely used as an indicator of ecological overshoot and human demand on natural systems [17] [18] [19] [20] . It is used at different scales, such as countries [8, 21, 22] , regions [23] , and cities [24] [25] [26] [27] [28] . For example, Goldstein et al. [29] explored the EF of urban food consumption in 100 cities from non-OECD countries. The report released by WWF [20] indicates that the total global population needs the regenerative capacity of 1.6 Earths to provide the natural resources we use each year, based on calculations from the five land use categories and the carbon EF. This indicates that humanity has already overshot the global BC and lives unsustainably by depleting stocks of natural capital. EF accounting has been used to support decision making in recent years, since some scholars have pointed out that EF analysis can provide useful information or ecological implications for policy makers who must integrate food security with ecological implications [30, 31] . However, Van den Bergh and Grazi noted that EF studies have often delivered ambiguous and surprising insights that suggest there are limitations to which policy questions the EF method can answer [32] .
In China, the difference between EF and BC has been used as an indicator of the ecological performance of local governments, and this difference has played a significant role in regional development [33] . WWF found that per capita Chinese EF was 2.2 ha in 2010, which was lower than the world average of 2.6 ha in the same year; at the same time, BC increased from 2010 to 2012 due to the implementation of national ecosystem restoration programs since 2000 [22] . Song et al. found that food, water, waste, embodied carbon, and EF of households in China have steadily increased as income increased [34] . They also found that the proportions of EF accounted for by plant and animal foods differed [35] .
Galli et al. pointed out that the dramatic increase in China's carbon footprint in recent years has resulted from an equally remarkable increase in per capita energy consumption [12] . At a sub-national level, Hu et al. [36] calculated the EF at the level of a Chinese county, and used their approach to compare different counties. However, existing studies have mostly focused on EF at national or sub-national levels by trying to account for all of the economic sectors; fewer have studied that the EF of biological resources to clarify the structure of EF for consumption driven by socioeconomic development, particularly in less-developed rural areas in China [37, 38] . This is an important omission because socioeconomic development will change the relationship among various forms of resource exploitation (e.g., energy use, land use, industrial use) and the BC that supports each resource [8, 39] . For example, in rural China, where the area of agricultural land has steadily decreased since implementation of the Grain for Green program, this has led to increased pressure on the remaining productive land. Moreover, as has been found in other countries [40, 41] , as well as at a household level [42] , socioeconomic and natural factors affect the implementation of a conservation program. However, EF at a household level has seldom been studied due to lack of data and information [36] . Thus, it has become increasingly necessary to examine the changes in the relationship between the EF of food consumption and the BC that provides this food in response to changes in food consumption patterns at a household level.
In the present study, our goals were to (1) analyze the changes in food consumption patterns from 1998 to 2013 in an impoverished rural region of China; (2) estimate, the EF of food created by current consumption of local food, which based on local equivalence and yield factors; and (3) compare the EF and BC of the study area to detect ecological deficits or surpluses that have occurred since implementation of the Grain for Green program for different biologically productive lands. The results of this research will guide management planning by providing evidence of unsustainable practices and improve land use decision making and socioeconomic development.
Study Area and Research Methods

The Study Area
We selected Guyuan for our case study. The Grain for Green program has been implemented in this area since 2000. The study area is located in a remote mountainous region of northwestern China (Figure 1 ), and consists of five counties: Yuanzhou, Pengyang, Xiji, Jingyuan, and Longde. The elevation ranges from 1248 to 2942 m above sea level, with mountainous terrain. The study area has a continental monsoon climate that is characterized by an annual average temperature of 5.7 • C, with extreme monthly mean values ranging between −22 • C in January and 28 • C in August. The mean annual rainfall ranges from 260 to 625 mm between different parts of the region and the evaporation (measured pan evaporation) ranges from 1250 to 2000 mm. As a result, there are few large bodies of surface water, and only rain-fed agriculture for most of the area. The major crops grown in Guyuan are winter wheat (Triticum aestivum), summer maize (Zea mays), and potato (Solanum tuberosum), which occupy 48% of the total cultivated area. The remaining crops are millet (Panic um miliaceum), oats (Avena sativa), buckwheat (Fagopyrum esculentum), oilseed rape (Brassica napus), and legumes (including common beans, Phaseolus vulgaris; field beans, Vicia faba; and peas, Pisum sativum). A small scale of fruit trees, vegetables, and fodder crops is planted for their livelihood. Moreover, reeding of pigs, cattle, sheep, and poultry is practiced in the backyard of most households.
In 2013, the area had a population of 1.54 × 10 6 , of which 1.24 × 10 6 were permanent residents. In all subsequent per capita calculations, we used the permanent population of the area, excluding migratory workers. The rural population is 0.89 × 10 6 (71.8% of the permanent population). From 1998 to 2013, the total population increased by 0.3% and the population density increased by 0.4%, from about 144.9 persons/km 2 to 145.5 persons/km 2 . The total land area is 1.13×10 6 ha, and in 2013, it was dominated by cultivated land (355,000 ha, 31.4% of the total land area), forest (311,000 ha, 27.5% of the total land area), and grassland (221,400 ha, 19.6% of the total land area); the remainder of the land includes built-up areas, bodies of water, and unused land. After implementation of the Grain for Green program in 2000, land use patterns have changed dramatically, with cultivated land and grassland decreasing by 45.3% and 57.0%, respectively, from 1998 to 2013 and forest increasing by 83.8%. The main land-use activities are smallholder subsistence agriculture and livestock husbandry, with an average cultivated land size of 0.37 ha per household. This agriculture is one of the key sources of employment in Guyuan; 81.4% of the population worked in agriculture in 2013, which is much higher than the national average of 64.4% [43] .
The major crops grown in the study area are cereals, including winter wheat (Triticum aestivum) and summer maize (Zea mays), but potato (Solanum tuberosum) is also widely planted as a source of carbohydrates, and is categorized as a staple crop by the local people. These three crops occupy 48% of the total cultivated area. The remaining cultivated land is used mainly for cultivation of millet (Panicum miliaceum), buckwheat (Fagopyrum esculentum), oil-producing plants such as oilseed rape (Brassica napus), oats (Avena sativa), legumes (including field beans, Vicia faba; common beans, Phaseolus vulgaris; and peas, Pisum sativum), sweet potato (Ipomoea batatas), and a range of vegetables, fruit trees, and fodder crops. Breeding of pigs, cattle, sheep, and poultry is practiced on a small scale in the backyard of most households. [44] . The major crops grown in the study area are cereals, including winter wheat (Triticum aestivum) and summer maize (Zea mays), but potato (Solanum tuberosum) is also widely planted as a source of carbohydrates, and is categorized as a staple crop by the local people. These three crops occupy 48% of the total cultivated area. The remaining cultivated land is used mainly for cultivation of millet (Panicum miliaceum), buckwheat (Fagopyrum esculentum), oil-producing plants such as oilseed rape (Brassica napus), oats (Avena sativa), legumes (including field beans, Vicia faba; common beans, Phaseolus vulgaris; and peas, Pisum sativum), sweet potato (Ipomoea batatas), and a range of vegetables, fruit trees, and fodder crops. Breeding of pigs, cattle, sheep, and poultry is practiced on a small scale in the backyard of most households. In 2013, the agricultural economic output value of Guyuan was 5.85 × 10 9 Chinese Yuan (CNY), the forest output value was 0.45 × 10 9 CNY, and the animal husbandry output value was 2.53 × 10 9 CNY. Subsistence agriculture accounted for the largest part of the rural economic structure of Guyuan. However, due to limited land resources and a harsh natural environment, per capita net income of rural Guyuan was only 4690 CNY in 2013; although this represents an increase to nearly 5 times the 1998 value, this is still only 53% of the national average of 8896 CNY, although this income gap has decreased (from 44% of the national average in 1998). In 2013, about 38.3% of the rural population had an income below the poverty line (2300 CNY per capita per year) defined by the In 2013, the agricultural economic output value of Guyuan was 5.85 × 10 9 Chinese Yuan (CNY), the forest output value was 0.45 × 10 9 CNY, and the animal husbandry output value was 2.53 × 10 9 CNY. Subsistence agriculture accounted for the largest part of the rural economic structure of Guyuan. However, due to limited land resources and a harsh natural environment, per capita net income of rural Guyuan was only 4690 CNY in 2013; although this represents an increase to nearly 5 times the 1998 value, this is still only 53% of the national average of 8896 CNY, although this income gap has decreased (from 44% of the national average in 1998). In 2013, about 38.3% of the rural population had an income below the poverty line (2300 CNY per capita per year) defined by the central government.
Given the level of poverty of the study area and the limited land resources, the daily food consumption of the local population is relatively low, and consists mostly of carbohydrates (e.g., noodles, steamed bread) and vegetables (mostly produced in the backyard of each home), with less consumption of meat than in most other regions in western China. Meat consumption, which is considered to be an indicator for improved living standards in rural China, is mostly associated with festivals and special events such as wedding ceremonies [5] .
Research Methods
Calculation of Ecological Footprint and Biological Capacity
In this paper, we converted food consumption data from Guyuan into the area that was required to support this consumption using the average local agricultural productivity [36, 44] . We focus on the EF of food consumption using the same approach for four major biologically productive land types respectively, which are cultivated land, grassland, forest, and body of water. We did not include EF from fuels and CO 2 emission from the harvesting, extraction, manufacturing, and trade of food commodities due to a lack of reliable data. This omission seems unlikely to have greatly affected our results, at least in relative terms, because local agricultural production is mostly small-scale subsistence agriculture, and most of the work is done manually or with help from cattle and donkeys.
We used the areas of each type of land in Guyuan and the associated biological productivity in the EF calculation to reveal changes in EF resulting from the changing food consumption patterns. The calculation formula is as follows:
where EF is the total EF of Guyuan (ha); N is the population; ef is the per capita EF (ha); r j is an equivalence factor for biologically productive land type j (j = 1 to 4), for cultivated land, grassland, forest, or body of water); c i is the per capita consumption of food item i (kg); Y i is the average yield of food items i (kg/ha); P i is the annual production of food item i (kg); I i is the annual inflow (imports) of food item i (kg); and E i is the annual outflow (exports) of food item i (kg).
In EF analysis, each product is assigned an equivalence factor for the land type from which it is extracted [45] [46] [47] [48] . In our study, the equivalence factor is calculated as the ratio of the average ecological productivity of biologically productive land of type j in Guyuan to the average ecological productivity of all types of biologically productive land in Guyuan. This approach was previously used to determine the equivalence factor at a provincial scale [49] and at a city scale [36] in China. In addition, because the average productivities of the different food items differ among the types of biologically productive land and therefore cannot be directly summed up, we transformed each food item into a unified energy value (kJ) that can be summed to produce a total value [36, 47, 49, 50] .
In this study, the equivalence factor for biologically productive land type j in Guyuan (r j ) is calculated based on local ecological productivity, and is calculated as follows:
where k j is the average ecological productivity of biologically productive land of type j (kJ/ha); k is the average ecological productivity of all biologically productive land types (kJ/ha); Q j is the total biomass of biologically productive land of type j (kJ); S j is the area of biologically productive land of type j (ha); p ij is the annual production of food item i on biologically productive land of type j (kg); and Υ ij is the calorific value of food item i on biologically productive land of type j (kJ/kg).
Because not all of the land is available for human use, some part of the study area should be subtracted from the total to provide habitat with which humanity shares this planet. To account for this area, we set aside 13.4% of the BC to represent the net effect for all ecosystem types combined. This value accounts for biodiversity protection based on the recommended value in the Footprint 2.0 at "Redefining Progress", which was developed by Venetoulis and Talberth [51] . The specific calculation formula is as follows [44, 52] :
where BC is the BC for Guyuan (ha); bc is the per capita BC (ha); a j is the per capita area of biologically productive land of type j (ha); r j is the same equivalence factor as in "Formula (2)"; and y j is the yield factor for biologically productive land of type j, which equals the ratio of the average for each county to the overall average value for the study area. A scaling factor is used to convert from local to average biologically productive land requirements, aims to reflect differences in the average productivity of certain types of land in different parts of the study area.
Data Sources
Primary information on food consumption was collected through a survey of farm households. In the survey, three main categories of food items were identified and recorded, including (1) annual staple agricultural products: cereals, potatoes, and beans, vegetables and fruits; (2) annual secondary agricultural products: pork, mutton, beef, domestic poultry, fresh milk, eggs, and aquaculture products (e.g., fish and shrimp); (3) annual manufactured and processed agricultural products, mostly edible plant oils.
To increase the randomness of the sampling and reduce the bias of selection [53, 54] , we interviewed five key informants who were familiar with the situation in each village and who had conducted annual socioeconomic surveys (these individuals were employed by the Rural Socio-economic Survey Team of SBGY or by the Agricultural Bureau and Forestry Bureau of Guyuan) to identify the criteria for village selection within each county. The defined criteria for village selection is (1) food consumption representative of local patterns (i.e., dominated by carbohydrates such as noodles and steamed bread); (2) exhibiting a range of production and income activities; (3) land use change had occurred under the Grain for Green program; and (4) the sample was chosen to represent a range of mean distances from the village center to the town or county center, which affects access to markets. This approach represents stratified random sampling [55] , which reduces the magnitude of coverage bias by increasing the likelihood that all key statistical strata will be included in the survey. Thus, stratified random sampling method has used to select the villages, leading to selection of 19 survey sites in 15 villages distributed in all five counties (Figure 1) .
We then used simple random sampling (flipping a coin) to select farmer households in each village to answer our questionnaire. That is, we used the common approach of flipping a coin to represent a binary choice: include or exclude the household from the survey. As we walked through the village, we flipped a coin when we came to each new house to determine whether to include the house in the survey; we continued until we had reached our desired sample size. This is a common approach for random sample selection in the field [55] [56] [57] and has been widely used [58] [59] [60] [61] . We prepared a questionnaire that listed the main food items included in a dietary survey based on household socioeconomic data [43] and consultation with local experts. We asked each household to report their annual food consumption as kg per household, and then converted these values into average annual kg per capita. The survey was conducted in August 2009 (236 local farmer households surveyed) and September 2014 (221 local farmer households surveyed). We collected data for 1998 and 2013 because consumption changed greatly during this period due to the implementation of the Grain for Green program in 2000 and rapid socioeconomic development (e.g., urbanization, increasing income, market reforms). Data for 1998 was obtained during a survey in 2009, when the households were asked to recall their consumption in 1998. Despite the gap between 2009 and 1998, the data is likely to be reliable because the consumption patterns changed dramatically after 2000 due to the combined effects of land use changes, socioeconomic development, and increased awareness of local people about the importance of a balanced diet. We cross-checked this data with data from a 1998 survey by the Statistic Bureau of Guyuan to validate our data, and if there was an inconsistency, we talked with members of the household to confirm the data. Data on consumption in 2013 was obtained during our 2014 survey, in which we re-visited the same households that we visited in 2009; however, because some of the households no longer lived in the villages or could not answer our questions due to hearing difficulties and other problems, we interviewed fewer households in total (221 families) than in 2009. By visiting the same households in both surveys, this provided a before and after comparison of the changes in consumption.
During the survey, we asked the head of each household or a family member who was familiar with the household to answer the questions. Table 1 summarizes the results. The average age of the farmers we interviewed increased by 6 years during the research period. Per capita net income increased by 3600 CNY, reaching 4.7 times the 1998 level, but this was only 44.4% and 32.9% of the provincial and national averages, respectively. The proportion of income from off-farm sources such as working in cities as a migrant worker increased by 29%, reaching nearly half of total income, and government subsidies and other income increased to nearly 10% of the total. Educational attainment did not change greatly, averaging slightly more than 8 years. Data from the Guyuan Household Socio-Economic Survey [43] were used to validate the household survey data and provide any missing data. The average productivity for food items consumed in Guyuan was calculated by using statistical data from the Ningxia Agricultural Statistics 1998-2000 [62] and The Handbook of Economy in Guyuan in 2013 [63] . Other data were obtained mainly from the Ningxia Statistical Yearbook 2013 [64] , which represents China's first agricultural census in the Ningxia Hui Autonomous Region. Energy values for the biological products were obtained from Chen [65] .
The raw data were used to calculate the equivalence factors, which provided in Supplemental Tables S1-S14.
Results
Changing Food Consumption Patterns in Guyuan
We grouped the major foods required to sustain health in the household surveys into six categories according to the local classification: staple foods (cereals, potatoes, and beans); vegetables and melons; meat, eggs, and milk; edible plant oils; fruits; and aquaculture products. Table 2 summarizes the per capita consumption of these food items. The food consumption pattern of Guyuan in 1998 depended most strongly on staple foods (84.6% of the total foods), followed by vegetables and melons (9.6% of the total foods). Although staple foods decreased to 58.1% of the total in 2013, they remained the dominant component of food consumption. Potatoes were the second-most important food item in 1998 (33.2% of the total staple food and 28.1% of the total food). In 2013, vegetables and melons (24.0% of the total food) replaced potatoes in second place, with meat, eggs, and milk (8.4% of the total food) in third place. Plant oils are primarily edible oils used for cooking, and thus accounted for only a small amount of the total (<3.0% of the total food) in both years. Aquaculture products are consumed only during special occasions such as festivals, so their consumption was very low (<0.2% of the total food) in both years. However, consumption of both plant oils and aquaculture products increased between 1998 and 2013. The consumption of meat, eggs, and milk increased to more than 2 times the 1998 value, versus about 1.3 times the 1998 value for fruits and 4 times the 1998 value for aquaculture products. This food structure reflects the fact that a standard meal in northwestern China is dominated by carbohydrates (e.g., steamed bread, noodles, or rice), but with at least some vegetables or vegetables and meat [5] . There are several factors that contributed to these changes. First, the Grain for Green program decreased the area of unproductive farmland and of farmland on slopes. All of the farmers have been involved in the conversion of farmland into forest and grassland under this program since 2000, so the per capita area of cultivated land decreased by 11.2% from 1998 to 2013, whereas the grassland and forest areas increased by 23.7% and 15.9%, respectively, according to data from the Resource and Environment Data Center of the Chinese Academy of Sciences [66] . This has greatly decreased total staple food production, especially for potatoes, which were cultivated mostly on steep slopes that were converted into grassland or forest under Grain for Green. Second, socioeconomic development during the same period increased the mean income to 4.7 times the 1998 value in Guyuan. One component of Grain for Green emphasized the conversion of sloping cropland into forests or grassland with the primary objective of reducing soil erosion and the resulting sedimentation of bodies of water. A study of this component found that the program also improved farmer income, especially for low-and medium-income households [67] . This component of Grain for Green also mitigated liquidity constraints in the implementation region by providing subsidies that made it easier for farmers to switch to non-farm activities [6] , and most households therefore earned a larger portion of the total household income (47%) from off-farm jobs in Guyuan, as was the case in the rest of China [68, 69] . In addition, the subsidies provided by the government for the increased area of forest converted from cultivated land have been a significant source of income for participants in this program; for forest area converted from cultivated land, the household receives an annual subsidy of about 300 CNY/ha of eligible land to pay for tending and miscellaneous expenses related to the newly converted land. Moreover, the households can earn income from selling renewable forest products such as fruits and nuts; thus, out of the total income increase in Guyuan, about 44% was from forest. Third, since China's economic reforms and opening up to the West in 1978, accompanied by the gradual development of a market economy, a market for consumer goods has developed quickly, which enables farmers to purchase these items more easily. In addition, improved awareness of the importance of a balanced diet has encouraged farmers to purchase more diverse food from local markets.
Data source: Household surveys conducted in 2009 and 2014. Data from the Guyuan Household Socio-Economic Survey [43] was used to determine the basic consumption categories and validate the results from our surveys. Values in parentheses are the percentages of the total for the respective food categories. Meat includes pork, lamb, and poultry. Melons include mainly watermelon and sweet melon. Values with ± represent means ± standard deviations. Table 2 shows the per capita EF of biological resources in Guyuan decreased from 0.9423 ha in 1998 to 0.7711 ha in 2013, which suggests a decrease in the pressure on the ecosystem. Changes in the food consumption pattern have created parallel changes in EF values both for the study period as a whole and for the specific food items ( Table 2) . EF decreased by 18.2% from 1998 to 2013. EF decreased by 94.4% for potatoes and 86.5% for vegetables and melons, versus increases of 266.7% for beans and more than 4100% for meat. The changes for potatoes resulted from several factors, including a decrease in their area of cultivation; they were also replaced with other foods such as meat, vegetables, and eggs due to increasing wealth and thus, increased ability to purchase these foods. People also became aware of the need to reduce their intake of starch-rich food and replace it with more diversified items. In contrast, the EF decrease for vegetables and melons resulted from increases in their yield and their total production due to increased inputs of fertilizer, pesticides, irrigation, and labor [70, 71] . The increase in beans resulted from increasing recognition of the high nutritional value of this food group, whereas the increase for meat resulted from increasing incomes, which allowed residents to afford more meat in their diet [5, 72] . Per capita meat consumption increased by 131.5% on a mass basis, but its EF increased by 4149%; this is because meat production requires a large amount of land per unit production.
Changes in the food consumption pattern also led to changes in the EF for each land use types (Table 3) . Cultivated land accounted for almost all of the agricultural EF (98.0% in 1998 and 94.6% in 2013), but the EF of forest and grassland increased to roughly 3 and 2 times the 1998 value, respectively, mainly due to the increase in fruit and meat consumption. The production of staple foods and oil plants (e.g., sunflower seeds, rapeseed, and flaxseed) and of vegetables and melons accounted for the majority of the EF of cultivated land, with proportions of 61.8 and 18.8% of the total, respectively. Meat production also requires large amounts of cultivated land because pigs and poultry rely on food crops. As a result, the consumption of cultivated land increased to 19.4%. The EF of grassland was accounted for by the raising of grazing animals to produce meat (beef, mutton) and milk. And fruit accounted for most of the EF from forest (since fruit trees are classified as "economic forest" in the Chinese land classification), with fruit accounting for 34.5% of the forest EF, including apples, pears, peaches, apricots, and dates. The consumption of aquaculture products accounted for 0.2% of the EF for bodies of water. Table 3 shows that per capita BC increased from 0.6101 ha in 1998 to 0.6197 ha in 2013, possibly because the increase to nearly 4 times the 1998 level for the BC of forest was offset by a decrease of roughly 24.1% in cultivated land. The net result of the changes in EF and BC is that the per capita ecological deficit (BC -EF) decreased from 0.3878 ha in 1998 to 0.1514 ha in 2013. These results confirm that the Grain for Green program has increased the study area's BC, as has been the case elsewhere in China [22] , but reveals that there is still a significant ecological deficit. When the per capita deficit is multiplied by the total population of Guyuan, the total EF of biological resources in 2013 equaled 956,164 ha, versus a total BC of 768,428 ha; thus, the total deficit of biological resources is 188,356 ha, which is equivalent to 16.6% of the total area of 1.13 × 10 6 ha. However, this deficit is only for the biological resources of Guyuan, and further work will be required to quantify the effects of all consumer goods, fuels, and greenhouse effect gases. Notes: a Supplemental Tables S1-S14 provide the data used for the calculation; b Based on the average productivity of Guyuan, the equivalence factor was calculated and the yield factor was 1; c A total of 13.4% of the ecological capacity was reserved for biodiversity protection [51] .
Comparison of Ecological Footprint and Biological Capacity in Guyuan
There are many possible reasons for these results. First, implementation of the Grain for Green program since 2000 has greatly decreased the area of cultivated land while increasing forest and grassland areas. This has reduced the BC of cultivated land by 24.1%, while improving the quantity and quality of grassland and forest, which increased their BC by 142.9% and 310.9%, respectively. Second, food consumption patterns have changed, with reduced consumption of staple foods leading to reduced EF for cultivated land, and thus a slight decrease of the per capita ecological deficit for cultivated land (by 0.0591 ha). In contrast, increasing meat consumption has increased the EF for grassland, so although the BC of grassland increased by 142.9%, the total ecological deficit for grassland increased by 0.0095 ha (by 92.2%) ( Table 3) . On the other hand, decreased consumption of forest products and improved forest conditions created an ecological surplus for the forest area (Figure 2) . 
Spatial Variation of the EF and BC among the Five Counties in Guyuan
The gap between EF and BC in 2013 differed among the five counties in Guyuan (Table 4) . Pengyang County is the only one with a per capita ecological surplus (0.3626 ha), because it was chosen as a demonstration county for implementation of the Grain for Green program and implementation began earlier here than elsewhere in Guyuan. Thus, forest cover increased by 24%, and the area treated to reduce soil erosion increased by 73%, leading to greatly improved BC. Longde County had the highest per capita ecological deficit (0.3295 ha) due to its relatively high per capita EF, which resulted from high per capita vegetable consumption (148.45 kg; Table 5 ), and its relatively low per capita BC (0.3552 ha). The low BC resulted from its relatively small per capita land area, leading to the highest ecological pressure (EF/BC = 1.93) among the five counties. In Jingyuan County, the low per capita meat consumption (14.4 kg; Table 5 ) permitted the lowest EF value (0.4876 ha) among the five counties. This can be explained by the high proportion of Muslims in the population (79%); as a result, pork consumption was only about 5% of total meat consumption, which is much lower than the average of 34% for Guyuan. Therefore, when the consumption of staple foods was similar in two areas, the consumptions of vegetables and meat were the primary determinants of EF, since the standard meal in this region consists of staple foods, vegetables, and meat. Note: We have calculated the productivity, equivalence factors, and yield factors for land in Guyuan and each of the five counties in 2013. Supplemental Tables S1-S14 provide the supporting data. 
The gap between EF and BC in 2013 differed among the five counties in Guyuan (Table 4) . Pengyang County is the only one with a per capita ecological surplus (0.3626 ha), because it was chosen as a demonstration county for implementation of the Grain for Green program and implementation began earlier here than elsewhere in Guyuan. Thus, forest cover increased by 24%, and the area treated to reduce soil erosion increased by 73%, leading to greatly improved BC. Longde County had the highest per capita ecological deficit (0.3295 ha) due to its relatively high per capita EF, which resulted from high per capita vegetable consumption (148.45 kg; Table 5 ), and its relatively low per capita BC (0.3552 ha). The low BC resulted from its relatively small per capita land area, leading to the highest ecological pressure (EF/BC = 1.93) among the five counties. In Jingyuan County, the low per capita meat consumption (14.4 kg; Table 5 ) permitted the lowest EF value (0.4876 ha) among the five counties. This can be explained by the high proportion of Muslims in the population (79%); as a result, pork consumption was only about 5% of total meat consumption, which is much lower than the average of 34% for Guyuan. Therefore, when the consumption of staple foods was similar in two areas, the consumptions of vegetables and meat were the primary determinants of EF, since the standard meal in this region consists of staple foods, vegetables, and meat. 
Discussion
Limitations of the Methodology
In this study, we calculated the EF of food consumption based on four major land types, using local average productivities, without taking into consideration the total area required to absorb the wastes and greenhouse gases generated by production and consumption activities, technology inputs, and consumption of raw materials to produce clothing, support cooking, and construct houses and infrastructure. Thus, EF values are likely to have been underestimated. As a result, the ecological deficit revealed in our study only considers the impact of biological resources, and further work will be required to fully quantify the other impacts. These impacts may be considerable. For instance, Song et al. found that consumption of animal-derived foods was only 15% of total consumption by weight, but accounted for 13% of wastes; consumption and wastes accounted for (respectively) 34% and 30% of the total embodied carbon footprint, 37% and 44% of the water footprint, and 44% and 27% of EF [34] .
We also did not consider imported and exported products, since these flows are currently relatively small in our study area, but with increasing income, this situation may change. In addition, we did not account for changes in the population structure and the "floating" population of migrant workers that moves among regions in China. For instance, about 2% of the total population in Guyuan (not including permanent residents of Guyuan who worked for part of the year in nearby urban areas) was migrants from other regions in 2009, and this will affect local consumption patterns [73] . All of these aspects will affect the accuracy of our results, but it was not possible to solve these problems in the current study due to a lack of the required data. In future research, it will be necessary to identify ways to mitigate the problems with the present method by obtaining more and better data.
The calculation of EF requires a large amount of data, which limits its application [35] , especially at smaller local scales, where much of the data is sometimes missing or inadequate. An EF study of dietary changes, such as the present study, also faces the problem of data accuracy, since dietary surveys are notoriously problematic; respondents often misreport or forget their true eating patterns, especially for meals eaten "away from home" [74] . In our current study, which is now underway, we asked the households to record their daily consumption and the sources of food using data sheets that we distributed, and we are also training both respondents and interviewers to improve quality control. In addition, we are seeking ways to validate the collected data.
Discussion of the Results
Our study revealed that food production and consumption at a village level are affected by land uses, production activities, income, and accessibility to markets; they are also affected by compensation policies and programs that have been implemented in their specific area, such as the Grain for Green program, comprehensive management of low-productivity farmland, and funds for poverty alleviation. In addition, based on this changed local productivity data, the per capita EF from food consumption was 0.7711 ha in 2013, which is much higher than the average value of 0.4956 gha for food consumption in China [34] . EF was mainly contributed by cultivated land (94.6%), and its contribution to the total was much higher than the national average of 25% [22] , largely because our study area is a rural area dominated by crop cultivation. For China as a whole, the largest contributor to EF was vegetables [34] , for which production tends to require less land because of the increased productivity permitted by using greenhouses and high inputs. However, caution must be taken when comparing these results with the present results, since the datasets differed in terms of the number of food items that were studied and the use of a local productivity rather than a global average productivity. In general, the per capita EF from food consumption was lower than the national average of 2.2 ha and the global average of 2.6 ha in 2010, but the latter figures included EF both from different land categories and from carbon emission and sequestration [22] .
In addition, although EF from meat, milk, edible oils, beans, and fruit increased from 1998 to 2013, the average EF in Guyuan decreased. This result is inconsistent with those of previous studies [31, 34, 75] , which concluded that a shift towards a higher consumption of protein-rich food is likely to cause an increase in EF. This difference is likely to be because we did not include carbon, wastes, and other factors in the EF calculation, leading to underestimation of EF. In addition, our study region is one of the first places where ecological restoration programs were implemented in China. Thus, the local BC has had a longer period in which to increase than is the case in many other regions of China [22] . Third, an increase in productive land resources led to increases in productivity. For example, the productivity of grains increased by 3.3% during our study period, from 3682 kg/ha in 1998 to 3804 kg/ha in 2013, and average meat productivity per unit area increased by 550.6%, from 26.16 kg/ha in 1998 to 170.2 kg/ha in 2013 [43] . Fourth, the population structure and their dietary behavior changed. For instance, from 2003 to 2013, the number of farmers working as migrant workers in the big cities increased by 69.8%, from 180 000 to 305 700 persons, and nearly 80% of this population was between 35 and 45 years old. According to our surveys, the average age of the respondents who have remained in the villages was 51 years in 2013 (and nearly half were 51 to 70 years old). This older population had a lower intake of staple foods than in 1998, when their average age was about 45 years (and nearly half were 31 to 50 years old). These factors may offset the impact of increasing consumption of high-protein food on EF to a certain extent.
The quantity of eggs and vegetables consumed has also increased greatly, from 2.45 and 51.74 kg per person, respectively, in 1998 to 4.02 and 75.18 kg per person, respectively, in 2013, but the corresponding EF values decreased by 75 and 86%, respectively. In addition to the improved BC, this counterintuitive result may have two explanations. First, we used EF to account for the appropriation of land resources, but excluded the impacts on carbon, water, materials, nitrogen, and other resources, which were addressed by Galli et al. [12] and Galli [13] . Second, the EF of egg and vegetable production decreased greatly due to increased productivity per unit area. For example, individual households changed from raising 10 to 20 chickens to large chicken farms with up to 38 000 birds, and the number of large chicken farms increased from 5 in 1998 to 105 in 2013. As a result, the productivity increased from 6.9 kg/ha to 42.9 kg/ha. Greenhouse vegetable cultivation also increased to nearly 32 times its 1998 level (567 ha), reaching 18 000 ha in 2015, and the annual average yield increased by 804.6%, from 4715 kg/ha in 1998 to 42 652 kg/ha in 2013.
Implications of the Results for Decision Making and Land Management
Our results show that the ecological balance in Guyuan is an important issue because the local productive land resources cannot produce enough of the currently consumed products to meet current demand for consumption. This finding will improve the understanding of the local government about the severity of the problem created by pressure on the ecosystem so that they can adapt regional and sectoral development plans to mitigate this pressure.
Our analysis of the spatial variation of EF and BC among the counties indicated that the implementation of ecological restoration programs such as Grain for Green has enhanced BC, and particularly the BC of forest and grassland. This success suggests that the local government should consolidate the achievements of the ecological restoration program by continuing to pay attention to the management of forest and grassland ecosystems [22] . For example, based on the success of pilot projects under the Grain for Green program in Pengyang County (the only county in Guyuan with an ecological surplus), this program should be applied more aggressively in regions such as Longde and Xiji counties, which had the largest ecological deficits in the study area. However, because cultivated land continues to have an ecological deficit so high that it negates the surpluses for forest and is much larger than the relatively small deficit for grassland, more effort will need to be devoted to reducing that deficit. Possible solutions include expanding solutions such as water-conserving agricultural techniques (e.g., no-till planting, expanded use of gravel and plastic mulches), interplanting of crops (e.g., growing potatoes or legumes under fruit trees) to maximize the production from a given area of land, and using fertilizers and pesticides more efficiently.
Our results indicate that in Guyuan, EF based on food consumption decreased during the study period. However, this result excluded EF from carbon and wastes, so the actual EF was underestimated. Also, Guyuan continues to develop, and if income increases by the target of 11% by 2020, which is specified in the 13th Five-Year Development Plan of Guyuan, intake of animal-derived food will continue to grow, as it has done elsewhere in China [34] . If Guyuan's per capita meat consumption increases to the national annual average of 64.10 kg in China [76] , EF would also increase; this is likely to occur because income growth tends to increase the intake of animal-derived food, and the production of this food has a higher EF than production of plant-derived food [8] . However, in the long run, dietary EF may also decrease in response to increased productivity, changing consumption behavior, stabilization of diets once income reaches a certain level, and increased nutritional awareness. For example, in Chinese mega-cities such as Beijing and Shanghai, which have the two highest per capita annual incomes in China, people are reducing meat consumption and increasing their consumption of vegetables and dairy products in an effort to improve their diet. Understanding such trends will be useful for Guyuan's decision makers, since this will let them examine the multiple factors that affect EF in an integrated way, thereby improving future management of the region's natural resources.
Conclusions
Food consumption in Guyuan, an impoverished region in northwestern China, changed from initially meeting only the basic requirements for sustenance into a diversified structure, with decreasing consumption of staple foods and increasing consumption of vegetables, meat, eggs, milk, edible oils, fruit, and aquaculture products. The main reasons for these changes were socioeconomic development and an associated income increase, which enabled the farmers to shift to a more affluent consumption pattern, but awareness of the need for a balanced diet improved and the influence of an urban lifestyle that resulted from increased income earned as a migrant worker in nearby cities also changed consumption behavior, and the implementation of the Grain for Green program for ecosystem restoration changed both land use patterns and the pattern of food production and consumption in the study area.
The calculated EF for the four types of productive land (cultivated land, grassland, forest, and bodies of water) was based on the average local productivity, varied among the different food items. Decreased consumption of staple foods caused a decrease in their EF, but increased consumption of vegetables and eggs increased their EF. The large increase in meat consumption caused a large increase in the EF due to meat production, with smaller increases for the EF from consumption of milk, edible oils, and fruits. However, the overall average EF decreased from 1998 to 2013 in Guyuan.
Cultivated land is a major contributor to local EF and BC. From 1998 to 2013, local BC remained below EF, indicating a persistent ecological deficit, but the magnitude of this deficit decreased during the study period, partly because of implementation of the Grain for Green program. The Grain for Green program has greatly enhanced the BC of forest and grassland. However, the results also indicate that four of the five counties in the study area (e.g., Jingyuan, Yuanzhou, Xiji, and Longde), and some land uses (e.g., cultivated land and grassland), continue to have a high ecological deficit that must be addressed by regional planners.
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